Abstract. Early data on K − induced reactions off protons are collected and used in a coupled-channel partial wave analysis (PWA). Data which had been published in the form of Legendre coefficients are included in the PWA. In a primary fit using 3* and 4* resonances only, we observe some significant discrepancies with the data. In a systematic search for new Λ and Σ hyperon resonances, additional candidates are found. The significance of the known and of the additional resonances is evaluated. Seventeen resonances listed with 1* or 2* and one resonance listed with 3* in the Review of Particle Properties cannot be confirmed, five new hyperons are suggested. The partial-wave amplitudes deduced in this analysis are compared to those from other analyses.
Introduction
The spectrum of N * 's and ∆ * 's is presently studied vigorously in a number of photoproduction experiments at ELSA, JLab, MAMI, and SPring-8 (see Refs. [1, 2] ). In the first excitation shell, seven negative-parity resonances (five N * 's and two ∆ * 's) are expected in the quark model [3] ; these are known since long. In the second excitation shell, 21 positive-parity states are predicted [4] , 16 of them have been observed, even though only 11 of them are considered to be established (with 3*'s or 4*'s in the notation of the Review of Particle Physics, RPP) [5] . But there is the chance that existing or new data with further analyses will add to our knowledge of the missing or not so well-known states.
In the hyperon spectrum, seven negative-parity Λ * 's and seven negative-parity Σ * 's resonances are expected in the first excitation shell. SU(3) links the seven Σ * 's and five Λ * 's to the spectrum of N * 's and ∆ * 's. Two further SU(3) singlet Λ * 's are expected. Compared to this expectation, one Λ * resonance with spin-parity J P = 3/2 − is missing but only four negative-parity Σ * 's are established. Only a small fraction of the predicted spectrum of positive-parity hyperon resonances is known. Clearly, our knowledge on the hyperon spectrum needs to be improved.
In this paper we study the possibility to find missing hyperon (Λ * and Σ * ) resonances in existing data. The paper is motivated by recent advances of coupled-channel partial-wave analyses of the existing data of K − p reactions [6, 7, 8, 9, 10, 11] , and by the prospects of new data on hyperon spectroscopy from J-PARC [12] , JLAB [13] , and the forthcoming PANDA experiment [14] .
The pioneering work of Ref. [6, 7] reported the first coupled-channel partial wave analysis of most available a email: klempt@hiskp.uni-bonn.de data on Kaon induced reactions. In a first step [6] , the authors constructed the partial-wave amplitudes for the reactionKN →KN, πΣ, πΛ in slices of the invariant mass in the range from W = √ s = 1.48 GeV to 2.1 GeV. In a second step [7] , these partial-wave amplitudes were fit using a multichannel parametrization in the form S = B T RB = I + 2iT , where T is the partial-wave T -matrix, R a generalized multichannel Breit-Wigner matrix, and B and its transpose B T are unitary matrices describing nonresonant background. In these energy-dependent fits, the partial-wave amplitudes of two-body reactions in sliced bins in the invariant mass were exploited as well as the results of partial wave analyses on the reactions K − p → πΛ(1520), πΣ(1385), K * N , andK∆.
The partial-wave amplitudes from Ref. [6] were also used by the authors of Ref. [11] exploiting a K-matrix formalism where poles are described as conventional pole terms and background contributions by poles at negative values of s. The energy-dependent amplitudes from their fit described reasonably well the energy-independent partial-wave amplitudes from Ref. [6] even though some significant discrepancies can be seen. When the observables were calculated from the energy-dependent amplitudes [11] , severe discrepancies showed up.
Kamano et al. [8, 9] fitted a similar set of data on the reactionsKN →KN, πΣ, πΛ, ηΛ, KΞ and quasi-twobody final states as reported in [6] . They tried two different models A and B (containing different sets of resonances) and compared their amplitudes with the energy independent amplitudes of [6] . The three sets of amplitudes (from [6] and from models A, B of Ref. [8] ), are consistent for the dominant partial waves but show larger discrepancies for smaller partial-wave amplitudes. It is hence not surprising that the spectrum of hyperon resonances obtained in the three analyses [7, 9, 11] leading contributions. Technically, it often remains open why one resonance is included in a fit and another one is not. Already in 2000, the Gießen group [15] applied modern analysis techniques to study the reactions K − p → πΣ and to πΛ. The authors solved the Bethe-Salpeter equation in an unitary K-matrix approximation and fitted the partialwave amplitudes derived in [16] . The measurements of total cross sections compiled in [17] were imposed as constraints. Masses, widths and partial decay widths of the leading resonances below 1700 MeV were determined.
New data in the low-mass region stimulated further investigations. A new Crystal Ball collaboration was formed at BNL -exploiting a detector that had originally been built to study the charmonium spectrum [18] and which was then transferred to DESY to study a wide range of particle physics including two-photon collisions [19] . Subsequently, the detector was exploited for hadron spectroscopy at BNL [20] and is presently used at MAMI in Mainz [21] for photoproduction experiments.
At BNL, the Crystal Ball collaboration made significant contributions to the spectroscopy of low-mass hyperons. Several reactions were studied at eight incident K − momenta between 514 and 750 MeV. Differential and total cross sections and the hyperon polarization were reported for the reaction K − p → ηΛ [22] and K − p → π 0 Λ, K − p → π 0 Σ, and K − p →K 0 n [23] (see also [24] ), 26] . A new path to hyperon spectroscopy was opened in Refs. [27, 28, 29] .
This paper is part of a comprehensive study of the hyperon spectrum. In this paper, a fit is presented to (nearly) all available data on K − p induced reactions. The reactions used in the fit are shown in Table 1 . The emphasis of this paper lies on two-body final states and on a determination of the hyperon resonances needed to achieve a good fit to the data. In [30] , data on three-body and quasi-twobody final states are discussed. In that paper, we present properties of hyperon resonances in detail and compare the resulting spectrum with the Bonn quark model [31] . In [32] , we present a fit of low-energy data on K − induced reactions, including data on K − p at rest, and found that only one pole is required to describe the Λ(1405)1/2 − region. For the threshold region, data on K − p properties at rest are also very important: The decay ratios Γ K − p→π + Σ − /Γ K − p→π − Σ + , Γ K − p→π 0 Λ /Γ K − p→neutral , and Γ K − p→π ± Σ ∓ /Γ K − p→inelastic were taken from Refs. [33, 34] , The SIDDHARTA experiment at DAΦNE determined the energy shift and width of the 1S level of the kaonic hydrogen atom [35, 36] . These data proved to be very important for the study of the Λ(1405) region [37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48] which suggested the existence of two isoscalar poles in the Λ(1405) region. In [49] we present a coupled-channel partial wave analysis of CLAS data on γp → K + (πΣ) [28] and K + (KN ) [50] and argue that photoproduction may offer new chances to study hyperon resonances.
The paper is organized as follows: First, in Section 2, a short outline of the BnGa partial-wave-analysis method is presented. In Section 3, we list the data used in this analysis. The search for new or less established resonances is described in Section 4. The results of the final fit are presented in Section 5. In Section 6, we suggest a possible star rating for the resonances used in the final fit. Our partial wave amplitudes forKN →KN andKN → πΣ scattering in isospin I = 0 and I = 1 and forKN → π 0 Λ scattering are compared to those from other analyses in Section 7. The paper concludes in Section 8 with a short summary.
2 The BnGa partial wave analysis
The scattering amplitude
The general form of the amplitude for meson-baryon scattering can be written as
where IJN are isospin, total spin and "naturality". C I are the Clebsch-Gordan coefficients which depend on the isospin of all particles in the process (including intermediate states). A IJN (s) are partial wave amplitudes, and the Q JN (s, t) tensors describe the angular dependent part of the partial wave amplitudes. The naturality is an alternative way to describe the parity; it is given by N = (−1) (n+1) P where n corresponds to the rank of the partial wave, J = n + 1/2. The angular dependent part is constructed from the decay vertices, polarization vectors and tensors which describe the structure of the particle propagators (see [51] ). For example, the angular part for the scattering of a pseudoscalar meson and a J P = 1/2 + baryon is given by
Here, the k 1 and q 1 are the momenta of the initial and final-state baryons, and k 2 and q 2 are the momenta of the initial and final-state mesons; the relation P = (k 1 +k 2 ) = (q 1 + q 2 ), s = P 2 holds true. The momenta k ⊥ and q ⊥ are relative momenta in the initial and final states orthogonal to the total momentum P :
The baryons are described with bispinors:
Here, ω represents a 2-dimensional spinor and ω * the conjugated and transposed spinor, and we use the normalization condition
The structure of the resonance propagator corresponds to a convolution of the polarization vectors of the resonances and have the following covariant form:
where
The O µ1...µn ξ1...ξn describe the structure of the boson propagator for the particle with spin J = n and are constructed from the metrical tensors orthogonal to the momentum of the resonance, see Eqn. (3) . For the lowest spin states,
For higher states, the operator can be calculated using the recurrent expression
The operator O µ1...µn ν1...νn provides the symmetry and traceless condition for the indices within one group and the orthogonality to the particle momentum. The structure of the T µ1...µn ν1...νn operator is unique and is defined by the orthogonality condition to the γ-matrix and the normalization condition 
The vertex functions N (±) α1...αn describe the spin structure of a resonance decaying into a baryon with J P = 1/2 + and a pseudoscalar meson. The decay orbital momentum is connected with the total spin as J = L + 1 2 for the '+' states and as J = L − 1 2 for the '-' naturality states.
is the orbital momentum operator which depends on the relative momentum orthogonal to the momentum of the decaying particle:
.
The operators X
In our calculations we use the γ-matrices in the standard representation
In the c.m.s. of the reaction the scattering amplitude (1) can be rewritten as:
where ω and ω are nonrelativistic spinors and n is a unit vector normal to the decay plane. The F -functions are − p scattering Fig. 1 . Diagrams for the t-and u-channel exchange amplitudes.
defined as follows:
The approach through the standard G and H functions is absolutely identical to the our covariant approach, the covariant approach allows us to construct naturally the amplitudes with multibody final states and to perform a combined analysis of all available data sets.
t and u-channel exchange amplitudes
Non-resonance contributions to the reactions are described by constants in the K-matrix (see below) and by amplitudes for t and u-channel exchanges (see Fig. 1 ).
The Reggeized amplitudes for t-channel exchange are given by
Here ν = 1 2 (s − u), α(t) is the intercept of the Regge trajectory, and ξ is its signature. We found a significant contribution only from the exchange by the ρ, ω and K * vector-meson trajectories and the f 0 , a 0 and K * 0 trajectories of scalar mesons.
The u-channel amplitudes are described as the exchange of the corresponding baryon. We observe significant contributions only from exchange of nucleons in the Kp → Λπ and Kp → Σπ reactions. This exchange is represented by a spin-1/2 propagator 1/(m p −k u ) where
2.3 The structure of the partial wave amplitudes
As the first step we parameterized the partial wave amplitudes as a sum of Breit-Wigner resonances:
The total width of a resonance is equal to the sum of its partial widths:
is the imaginary part of the loop diagram with vertices given in Eq. (11) . In the case of the pseudoscalar meson-baryon channel these functions are given by
where k j = (k 0 , k) is momentum of the final-state baryon in the channel j calculated in the resonance rest system. The Blatt-Weiskopf form factor B(n, |k j | 2 , R) (with R = 0.8 fm) is introduced to provide the correct asymptotic behavior of the phase volume at large energies.
The phase volumes for the three particle final states are described by the spectral integral which has all corresponding cuts and branching points in the complex plane of the total energy. The formulae for these functions are given in [52] .
In the case of overlapping resonances the sum of BreitWigner amplitudes can violate the unitarity condition. In this case one can use the K-matrix approach which satisfies unitarity. Here the partial wave amplitudes are represented by a matrix with elements which describe the transition between channels i and j (i, j = pK, πΛ, πΣ . . .) in the form
whereρ is the diagonal matrix of the phase volumes. The K-matrix is parameterized as a sum of K-matrix poles and nonresonant contributions,
This parameterization does not take into account rescattering effects described, e.g., by triangle diagrams. For baryons this effects exists even for two-particle final states since the pseudoscalar meson can be re-absorbed by the baryon. To take into account such effects, we substitute the K-matrix approach by the so-called D-matrix approach [53] . Here the amplitude has the form:
where the D-matrix is given by In the present analysis we describe the decay parameters of the D-matrix by
The (small) phases take into account the contribution of multiparticle scattering diagrams.
3 The data and the primary fit A detailed survey of the data that are used here in a coupled-channel analysis is presented in Tables 2 to 5 . The tables list the reactions, the invariant masses at which measurements have been performed, and the references to the data. N data gives the total number of data points for a reaction. In the last line of Table 2 , e.g., there are differential cross sections at 20 angles and for 23 momenta giving N data =460. The χ 2 for these data achieved in the primary fit (using only established hyperons and a relativistic Breit-Wigner description of the contributing resonances) and in the final fit are given in the last two columns.
Some data are slightly incompatible with other data in the normalization. The following scaling factors were applied in the fits: 
Polarization data are important for partial wave analyses but often limited in statistics. Also other low-statistics data like K − p → KΞ can be described rather badly without significantly affecting the total χ 2 tot . To avoid this, data are given a weight. The differential cross section for the final states ηΛ, ωΛ, and KΞ get a weight of 3, the corresponding polarization data a weight of 6. Also the data on the quasi-two-body reactions get a weight: 2 for K * p; 3 forK∆(1232); 10 for πΛ(1520). The polarization data for the πΛ final state get a weight factor 2, those for πΣ of 4. The weights are chosen to get a reasonable fit to − p scattering Table 3 . Differential cross sections on K − p scattering into two-body final states used in this analysis. Listed are the reaction, the momenta at which the data are given with a reference, the number of data points, and the χ 2 from the primary (χ 2 1 ) and from the final fit (χ 2 2 ). (LC: data given as Legendre coefficients). Table 4 . Data on the polarization observable P in K − p scattering used in this analysis. Listed are the reaction, the momenta at which the data are given with a reference, the number of data points, and the χ 2 from the primary (χ Table 5 . Data on the K − p induced reactions with three-body final states. For all reactions, differential cross sections and three ρ-density matrix elements were expanded into associated Legendre polynomials and Legendre coefficients for l = 1, · · · 7 were determined. Listed are the reaction, the momenta at which the data are given with a reference, the number of data points, and the χ 2 from the primary (χ these data without significantly distorting the fit to the other data sets. Most data are limited to the region below W = 2.0 GeV in the invariant mass; a few data extend the mass region up to W = 2.4 GeV. We limit our study to resonances below 2.25 GeV. The data of Tables 2 and 3 include elastic and charge-exchange scattering, the inelastic channels with a Λ hyperon in the final state produced with a π 0 or an η meson, inelastic scattering into the three πΣ charge states or into ηΣ, and the production of cascade hyperons. Table 4 gives references to publications on the polarization observable P . For K − p → K − p elastic scattering, P was measured by scattering off a polarized target. Hyperons in the final state reveal their polarization P via the asymmetry of their decay. Table 5 lists the data on K − p → Λω and on reactions with three particles in the final state, including quasi-twobody final states. In the low-mass region, we include the data on
. For these data, the individual events are available, and we include the data event-by-event in an event-based likelihood fit. We also fit data on the quasi-two-body reactions
, and K − p → K∆(1232) [98] . Details on these reactions are shown in an accompanying paper [30] .
We performed four types of fits: one primary fit, a series of exploratory fits called mass scans, and the final fit. At the end, we performed fits in which the significance of the contributing resonances is estimated, and a series of error defining fits in which resonances are added in all contributing partial waves.
The primary fit to the data listed in Tables 2 to 5 used only those hyperons which were listed in the Review of Particle Properties (RPP) [5] with three or four stars. A list of hyperons used in the primary fit and the ranges of masses and widths is given in Table 6 . The resonances are mostly well separated and Breit-Wigner parametrisations were used for the resonances. Masses, widths and coupling constants are allowed to vary within the limits quoted in the RPP. Figure 2 shows the angular distributions expected for J = 3/2, 5/2, and 7/2. They are identical for both parities. Forward-backward asymmetries come from the interference of even and odd waves. This figure can serve as a guide when the data are interpreted. Figures 3-18 show a comparison of the data with our primary (dashed curves) and our final (solid curves) fit. Mostly, the two fits show hardly any difference: The established states serve as a rather good approximation. In these figures, no scaling factors are applied, neither to the data nor to the fit. Table 6 . Hyperons used in the primary fit to the data in which the Breit-Wigner masses and widths from the RPP [5] are imposed. shown in Figs. 3 forward direction and reaches 10 mb/sr while charge exchange leads to an oscillating cross section staying below 1 mb/sr. Obviously, there are significant t-channel contributions to the elastic channel -likely due to Pomeron exchange -while t-channel contributions to the chargeexchange reaction need ρ exchange. The impact of hyperon resonances is better seen in the charge-exchange data.
At the lowest mass -1465 MeV -the charge-exchange cross section falls off slightly in forward direction; it is largely due to the dominant S-wave scattering with a small P -wave contribution. S-wave or P -wave alone would both lead to a constant angular distribution. At some masses, the reactions are dominated by one resonance. It may be helpful to compare the experimental angular distributions with the theoretical distributions (see Fig. 2 ) for a few mass intervals. Figure 6 shows the angular distribution for K − p → K 0 n. At 1520 MeV, there is a clear (3 cos 2 θ + 1) distribution above a very small background. A comparison with Fig. 2 shows that J = 3/2 is the dominant wave: of course, it is the well-known Λ(1520). With increasing mass, the J = 3/2 contribution gets smaller and the minimum shifts without additional wiggles and without a strong forwardbackward asymmetry. This pattern signals additional contributions from J P = 1/2 + and J P = 1/2 − waves. At 1680 MeV, a sharp minimum is seen in the total K − p →K 0 n cross section (see Fig. 22 ) which is assigned to a sign change of the amplitude in the NK S-wave amplitude at about this mass. Λ(1670)1/2 − appears as a dip rather than as a peak (like f 0 (980) in ππ scattering). The effect is enhanced by the sudden rising of the Λ(1690)3/2 − contribution. Interestingly, the K − p → ηΛ cross section rises from threshold to a peak value of above 0.1 mb/sr at 1670 MeV and has fallen below 0.03 mb/sr in the highestmass bin at 1696 MeV.
In the subsequent energy bins of the K − p →K 0 n differential cross sections, a stronger forward-backward asymmetry develops which indicates the interference of odd and even partial waves. Gradually, the angular distribution develops a strong w-shaped distribution, best recognized in the 1820 to 1850 MeV mass bins. The comparison with Fig. 2 suggests significant J = 5/2 contributions. The partial wave analyses assigns this to a strong Λ(1820)5/2 + production, the forward-backward asymmetry to a smaller Σ(1775)5/2 − amplitude and some smaller contributions from lower partial waves. Above 2000 MeV, the angular distributions are characterized by forward and backward maxima with two additional maxima: In this mass region, J P = 7/2 ± are the most prominent partial waves (see Fig. 2 Inspecting Figs. 3, 4, 6 , 7 again, we notice a few discrepancies between data and fit. Often, the discrepancies are enforced by data in neighboring bins: the structure at cos θ = 0 and 1935 MeV in Fig. 4 is, e.g., incompatible with the neighboring bins. The same statements holds for the data from [66] above 2200 MeV which are incompatible with those from [63] and [58] .
The polarization data are shown in Fig. 5 . Polarization data are available in the full energy range considered here even though above 2 GeV with limited statistical significance only. For a single partial wave, the polarization vanishes. The complicated angular dependence of P indicates the presence of several partial waves which makes a direct interpretation difficult. However, these data provide important constraints for the partial-wave analysis.
When the cross sections for π − Σ + and π + Σ − production in Figs. 11 and 12 are compared, similar effects as in KN production are seen. The cross sections for π − Σ + are larger and the angular distributions at high energies show forward peaking. Note that for t-channel exchange, π + Σ − production requires an exotic particle to be exchanged. It is not included in the fits and not required by the data. The contributing resonances are discussed using the data on
The branching ratios for Λ(1520) → Λππ, Σππ and Λγ of (12±1)% are imposed as missing width; the Λ(1520) → πΣ decay fraction is then fixed fixed by unitarity (Γ tot = Γ i ) when the data on elastic and charge exchange K − p scattering are used; these data span the mass range down to ∼1465 MeV.
The Λ(1690)3/2 − can be recognized by the (3 cos 2 θ+ 1) angular distribution. The resonance makes a very significant contribution, jointly with Λ(1670)1/2 − . Both are even partial waves, and the angular distribution remains approximately symmetric. At masses above 1800 MeV, the w-shaped angular distribution turns up again, signalling Λ(1820)5/2 + but with a forward-backward asymmetry due an odd partial wave from Λ(1830)5/2 − . Data on the reaction K − p → π 0 Σ 0 were difficult to extract with the experimental techniques of the 70ties of last century: The Σ 0 decays to Λγ; with π 0 → γγ, there are three γ in the final state. In [73] , a bubble chamber was used that was filled with propane (C 3 H 8 ) and freon (CF 3 Br) in which γ ray have a high chance to convert. The γ conversion probability depends on the γ energy which was difficult to simulate. In view of these difficulties, the agreement between data and fit seems acceptable (see Fig. 14) . The polarization P for this reaction (see Fig. 15 ) was determined using the Crystal Ball detector at BNL [23] with its excellent photon detection capability but with a limited energy range.
The first mass bin in Fig. 14 seems to suggest that there should be more Λ(1520) than the fit admits. A larger Λ(1520) contribution would, however, worsen the fit to the data on the π ∓ Σ ± final states. In the 1650 to 1700 MeV mass range, a (3 cos 2 θ + 1) contribution signals Λ(1690) 3/2 − contributions above a small even partial wave. The fit additionally identifies Λ(1670)1/2 − . Polarization data exist only over a very limited range.
The low-energy region of the K − p → π 0 Λ differential cross section is dominated by the interference of even and odd partial waves, of S-and P -waves. At higher energies similar structures show up as we have seen them before: first a (3 cos 2 θ + 1), later a 9/4·(5 cos 4 θ − 2 cos 2 θ + 1) angular distribution distorted by contributions from other waves. At masses above 2000 MeV, more wiggles show up. The fit is sensitive to the polarization data but their statistical value is limited again.
The differential cross sections for K − p → ηΛ are shown in Figs. 17. They do not show striking structures.
The structure in the (Fig. 18) identifies leading contributions in the J P = 3/2 + and 3/2 − partial waves, the assignment to the Λ or Σ sector follows from the
Description of the recoil asymmetry for both reactions is shown in Fig. 20 . The two reactions were studied in a single-channel analysis [99] . Possibly contributing hyperon resonances were tested in a blindfold identification process. Ten resonances were suggested to contribute to the reaction, among them four 1* resonances for which we find no evidence in any final state. The strongest evidence is seen for Σ(2030)7/2 + which we do not observe in this decay mode.
The authors of Ref. [86] reported measurements of the charge exchange reaction and π 0 Λ formation. The results were expanded into associated Legendre polynomials:
The data were included in our fits. The data are shown in 
Mass scans
In the second step, we searched for new resonances and performed scans. In these exploratory fits, the resonances were described by relativistic Breit-Wigner amplitudes. States rated with three and four stars in the RPP were assumed to exist and used in all fits. In the mass scans, the masses of further states were scanned one by one in the corresponding mass regions. Figure 23 shows the first series of scans. The primary fit contained five positive and seven negative-parity Λ resonances and four negative and four positive-parity Σ resonances in the J P = 1/2 ± , 3/2 ± , 5/2 ± and 7/2 ± partial waves. In the scan, we added one resonance and varied its mass in steps. At each step, a full fit to the data was performed and the χ 2 of the fit recorded. The χ 2 's as functions of the imposed mass vary from fit to fit; sometimes a significant improvement is observed. The minimum defines a possible candidate for an additional resonance.
In the case of scan for an additional positive-parity Λ resonance, the deepest minimum is seen in the scan of the J P = 1/2 + -wave. The minimum is rather broad and indicates that more resonances could be required. In further fits, no significant structure in this partial waves survives. The minimum in the 3/2 + wave is fake: the minimum is entirely due to the data on 25] at the transition from one momentum to the next momentum. In the scan for a J P = 7/2 − Λ resonance, a narrow minimum is seen at about 1930 MeV which would be a rather low mass for a 7/2 − -resonance. It is kept for further investigations, and is finally not confirmed. Furthermore, there are indications for a J P = 3/2 − state at about 1870 MeV. In the scans for positive-parity Σ resonances, we keep a 1/2 + at 1780 MeV and a 3/2 + at 2000 MeV for further investigations. The scan of the J P = 1/2 − -wave for Σ resonances, a very significant minimum at 1670 MeV is seen even though a Σ(1670)1/2 − resonance is already included in the primary fit. In the 5/2 − -wave, a second minimum is seen at 2080 MeV. However, this minimum faded away in further studies.
These preliminary fits demonstrate that significant minima can be seen in fits but that the minima do not necessarily correspond to true physical states. For the analysis presented here, we performed several thousand fits with different hypotheses. At the end, we had a set of resonances which improved the χ 2 by more than 400 units. This is called our final fit. These resonances will be discussed below (see Table 8 ).
A search for a further resonance -beyond those listed in Table 8 -led to residual fluctuations of less than 300 in χ 2 . Figure 24 + in any reaction: the global minimum is due to a χ 2 function decreasing with mass for K − p →KN and increasing for K − p → πΣ. When this behavior is observed, we assign at most 1* to the resonance. The 3* and 4* resonance show clear minima for several final states.
The final fit
While the primary fit uses a Breit-Wigner description for the contributing resonances, the final fit uses the multichannel K-/D-matrix-formalism described in Section 2. Figure 22 exhibits the total cross sections and the partial wave contributions determined in the primary and the final fit. The total cross sections are shown twice: the contributions from Λ resonances are shown on the left figures, those from Σ resonances on the right figures. Interferences between different partial waves -which play an important role in the analysis -do not contribute to the total cross section. Of relevance for the total cross section are on the other hand interferences of different isospin contributions in the same partial wave, which are not shown. Contributions from t-and u-channel exchanges are also not shown: This is the reason why, e.g., the sum of the resonant contributions for K − p elastic scattering is much less than the total cross section. The χ 2 contributions from the individual data sets are listed in Tables 2 to 5 . While the χ 2 's for the primary fit are already acceptable, they are considerably improved when additional resonances are included. Some data are perfectly described in the final fit, other data contribute with a large χ 2 . One has, however, to have in mind that the data often are not fully consistent. Thus a χ 2 of one per degree of freedom cannot be expected.
In Table 7 we compare our χ 2 's with those obtained by the ANL-Osaka group. We use the same data but in several cases, our data set is slightly extended. Yet, for the polarization observable in K − p → π 0 Σ 0 , we use only one 
of two existing data sets [23, 24] . When both data sets were excluded from the analysis, the predicted polarization was close to the values from [23] and disagreed with [24] . Hence we decided not to use the latter data. Due to a larger number of resonances, the BnGa fit achieves a better χ 2 even though more data are used. The Kent [7] and Carnegie-Mellon [11] groups do not report the χ 2 's achieved in their fits. Table 8 a list of the hyperon resonances which we use in the fits. One Λ resonance is not listed. We find a very broad Λ resonance with J P = 1/2 − at 2230 MeV with a width of ≈ 450 MeV. It is statistically significant; according to the criteria described in Section 6, it would be listed with three stars. Due to its large width, we think the resonance may hide a number of resonances with different spin and parities. Hence we do not include it in Table 8 . A similar resonance shows up in the Σ sector. The Σ(2160)1/2 − may have a width of up to 600 MeV and may also cover the contribution of several resonances. It could, however, also have a width of 260 MeV; that is the reason that we include this resonance in the listings. But due to this uncertainty, we assign only one star to it even this its statistical evidence would justify three stars.
There are several one-star resonances for which we see no evidence underlying their weakness in kaon-induced reactions. Most four and three-star resonances are confirmed.
Compared to our expectation of seven Λ * and seven Σ * resonances with negative parity and below ≈ 1900 MeV, we were missing one resonance in both sectors. The expected 3/2 − companion of Λ(1800)1/2 − and Λ(1830)5/2 − is definitely not seen, see the discussion in Section 4. In the Σ * sector, a low-mass partner of Σ(1670)3/2 − with J P = 1/2 − is missing. There is a 1* candidate Σ(1620)1/2 − . If we include this in the fit, the χ 2 gain is 386, just below our limit at 400 (see below). Thus we keep it as 1* resonance. Its mass of 1681 MeV is unexpectedly close to Σ(1750)1/2 − which we find at 1692 MeV. We notice that the K-matrix poles of the three low-mass Σ * resonances with J P = 1/2 − are 1610, 1695, and 1900 MeV. In the nucleon sector, it had turned out that the helicity amplitudes for photoexcitation of N (1535)1/2 − and N (1650)1/2 − off protons and neutrons determined at the K-matrix pole [100] agree very well with expectations of the Single-Quark-Transition-Model [101] and are at variance with SU(3) relations at the T-matrix poles [102] .
Hyperon resonances and their star rating
The final fit converged with a χ 2 minimum at χ 2 = 40615. Table 8 lists the resonances used in the fit, their masses and widths. From the full list of resonances used to fit the data we removed individual resonances one by one. The new fit with readjusted parameters deteriorated, the increase in χ 2 is used to estimate the significance of the resonance. When some dominant 4* resonances were removed, the fit became very bad. In these cases we did not try to improve the fit but just left these resonances with their 4* rating.
In the RPP -not counting Λ(1116), Σ(1193), and Σ(1385), there are at present 12 Λ and Σ resonances with 4*'s. We use these resonances to define criteria to estimate the star rating of resonances. In our analysis, the least significant 4* resonances are Λ(1830)5/2 − and Σ(1915)5/2 + ; when removed they led to an increase in χ 2 of 1790 or 2002, respectively. Since we do not wish to drastically alter the criteria for the star rating, we assign a 4* rating to resonances for which a χ 2 change of more than 2000 is observed. Thus 11 of the 12 4*-star resonances kept their star rating. We defined 400 as the minimum χ 2 change to accept a resonance with 1*. The ratings are thus defined by 1 * : 400 < δχ 2 < 1000; 2 * : 1000 < δχ 2 < 1500; 3 * : 1500 < δχ 2 < 2000; 4 * : 2000 < δχ 2 .
We do not observe any evidence for the low-mass Σ "bumps" at 1480, 1560, 1620, 1670, or 1690 MeV, observed in production experiments, and no evidence for the 1* Σ(1580)3/2 − in agreement with the authors of Ref. [103] . Below 2200 MeV, we find no evidence for the 1* resonances Table 8 .
The changes in star rating suggested here are collected in Table 9 . The most significant changes are suggested for resonances which so far had a 1* or 2* rating. Most of them are not seen here. The changes suggested for 3* and 4* resonances are moderate. Five new 1*-resonances are suggested. − partial waves, a new resonance is found, and it is not surprising that the masses of known resonances are shifted. In addition the Λ(1405) is found at 1420 ± 3 MeV. This state is discussed in detail in [32] .
Finally, we made error defining fits. We chose solutions with an additional resonance and a local minimum as shown in Figs. 24 . From the spread of results we estimated the errors given to masses, widths and other properties (see [30] ).
Partial wave amplitudes
Our partial wave amplitudes are not derived from energyindependent fits (i.e. from fits in slices of energy). Measurements of the spin-rotation parameters -needed for a truly energy-independent analysis -do not exist. The Kent group succeeded nevertheless to construct the amplitudes by first determining the leading waves and then defining the smaller ones. Our amplitudes are determined from energy-dependent fits to the differential cross sections and polarization data. As discussed above, we have made numerous fits, in particular also a large number of fits with different resonance contents. Some additional poles led to a small χ 2 reduction, of less than 400. For these fits, all partial wave amplitudes were determined as well. Thus, we derived a set of partial wave amplitudes which all are about consistent with the data. The spread of these results were used to determine a band for each partial wave amplitude. Figures 26 and 27 show the real and imaginary parts of the partial wave amplitudes forKN elastic scattering in the two isospin channels, for the isospin 1KN → πΛ scattering and for the two isospins inKN → πΣ determined in this analysis and in Refs. [6] and [8] . Giving the limitations of the data, the comparison shows reasonable consistency, at least for the leading contributions. Real and imaginary parts of K − p induced scattering amplitudes. The solid points with error bars are the energy independent amplitudes derived in [6] . The larger part of the data used in [6] were fitted by the authors of Ref. [8] . Their amplitudes for solution A and B are given as short-dashed blue and long-dashed red curves. The green-shaded area represents the spread of results from our main solutions and from solution weak resonances turned off. + dominate the partial waves. For Λ(1600) 1/2 + , the imaginary part is similar in all four analyses while the real part of analysis [6] deviates. The Λ 1/2 − low-mass amplitudes forKN → πΣ from [6] and [8] are consistent but inconsistent with our findings. However, a significant Λ(1670)1/2 − structure is seen in all analyses.
Above the lowest-mass resonance, the structure of the amplitudes shows significant differences. This is to be expected since the resonance content of the four analyses is different. To resolve these discrepancies, new data are likely mandatory.
Summary
We have collected existing data on hyperon formation in K − p elastic and inelastic scattering. The data were fitted in a coupled-channel analysis within the BnGa framework. We looked systematically for contributing resonances in a large number of fits and mass scans. The statistical significance of all resonances was evaluated. We find five new resonances; some resonances are suggested to be upgraded others to be downgraded. For eighteen resonances -mostly listed as 1* or 2* resonances -we did not find any signature. The partial-wave amplitudes derived in our fits are compared to those from other analyses. − p scattering . Real and imaginary parts of K − p induced scattering amplitudes. The solid points with error bars are the energy independent amplitudes derived in [6] . The larger part of the data used in [6] were fitted by the authors of Ref. [8] . Their amplitudes for solution A and B are given as short-dashed blue and long-dashed red curves. The green-shaded area represents the spread of results from our main solutions and from solution with weak resonances turned off.
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